Résumé. 2014 On dissout des molécules de tétraéthyl orthosilicate (TEOS) Abstract. 2014 Silicon tetraethoxyde (TEOS) monomers are dissolved in a water/ethanol mixture. Through hydrolysis and condensation they aggregate to form branched siloxane polymers ; in a few hours these polymers build a gel throughout the solution. The patterns formed by the growing polymers are studied through small angle neutron scattering. In the reaction bath, these patterns result from repulsive interactions, whose range 03BE is controlled by the smaller polymers of the bath. In diluted solutions, the patterns give the size Rz of the largest polymers, which limits the connectivity of the reaction bath. As the polymers recombine, the connectivity length diverges, whereas the interaction length remains microscopic and keeps growing regardless of the gel point. This growth leaves the network with a set of selfsimilar heterogeneities similar to those found in many other gels.
Spatial patterns formed by growing TEOS polymers (~) B. Cabane (1) , M. Dubois (1) and R. Duplessix (2) (1) DPC-SCM-UA331, CEN Saclay, 91191 Gif-sur-Yvette, France (2) Abstract. 2014 Silicon tetraethoxyde (TEOS) monomers are dissolved in a water/ethanol mixture. Through hydrolysis and condensation they aggregate to form branched siloxane polymers ; in a few hours these polymers build a gel throughout the solution. The patterns formed by the growing polymers are studied through small angle neutron scattering. In the reaction bath, these patterns result from repulsive interactions, whose range 03BE is controlled by the smaller polymers of the bath. In diluted solutions, the patterns give the size Rz of the largest polymers, which limits the connectivity of the reaction bath. As the polymers recombine, the connectivity length diverges, whereas the interaction length remains microscopic and keeps growing regardless of the gel point. This growth leaves the network with a set of selfsimilar heterogeneities similar to those found in many other gels. [1] [2] [3] [4] [5] ; it should appear uniform at scales well beyond the unit cell and should contain no voids. We do not know of any such gels : most gels, when examined through scattering or microscopy, appear inhomogeneous [6] [7] [8] [9] [10] [11] [12] , i.e. regions of higher polymer density coexist with regions of lower polymer density ; the growth of such irregularities appears to be an intrinsic part of the gelation process [13] [14] [15] [16] . This is especially true for those gels which are prepared through the spontaneous conden- [19] [20] [21] [22] .
In our experiments we perform the initial hydrolysis in an emulsion stage, then proceed with the condensation when the reaction bath has turned into a homogeneous solution [32, 33] . A Remarkably, the rise of the peak and its shift to larger correlation distances appear to follow the same laws after the gel point tg as before tg, Figure 2 shows the peak position plotted against reaction time ; the accuracy on these values is poor, at short times because of a low S/N ratio, and at long times because of a low resolution in Q values.
A better accuracy is achieved for the magnitude of the peak, which is plotted against reaction time in figure 3 (semi log scales), and in figure 4 (log-log scales). These plots show an induction regime where the growth may be exponential, followed by a regime of self similar, power law growth.
For other compositions of the ternary system we do not see a peak but a Guinier law. This defines a size and a mass for the heterogeneities, which again grow as power laws of time with no singularity at tg. Thus the general behaviour is the growth of a microscopic distance (peak) or size (Guinier law) which does not seem to care about the gel point. according to the dilution ratio. This has two effects. First, the reaction is slowed down considerably, and even quenched if the dilution ratio is larger than 10. Second, because of the larger separations, the correlations between the locations of the distinct polymers are lost, and in the scattering pattern all interferences between them average out. This is seen in figure 5 , where the scattering from three successive dilutions is compared with that of the reaction bath from which they were extracted. This comparison suggests that the « peak » in the reaction bath scattering curve is not a Bragg peak but rather the result of a depression in the intensities at low Q. The figure 6 . Remarkably, the location of the maximum shifts with reaction time ; this has already been observed in other gelating systems [34] . This high degree of branching was expected from the chemistry of the reaction [27] [28] [29] [30] [31] . Here the surprizing feature is that it shows up in the low Q limit of the intensities (mass vs. radius of the polymers) and not in the high Q behaviour (internal structure). Indeed we would expect a fractal dimensionality of about 2 for randomly branched polymers, whereas the measured exponent for I (Q ) is 1.6 (Fig. 5) . As noted earlier [38] [41] , and stick only in a few rare events [42] , then the smaller polymers will effectively screen all variations in the segment density which would be created by the larger polymers. Therefore the reaction bath will be homogeneous at all scales down to the size of the smaller, more numerous polymers (Fig. 8) . The polymers repel each other in most collisions, and bind in a few rare events. Because of these repulsions, the average density of monomers tends to be as uniform as possible ; hence the sample appears uniform at scales longer than a screening length 6, and selfsimilar at scales shorter than ). In the reaction bath, screening is efficient, and g is comparable to the sizes of the smaller polymers. As the polymers recombine, this screening length keeps growing until they all are bound.
Still there must be a lower cutoff or a marked maximum in the distribution of polymer sizes, otherwise the density would be homogeneous all the way down to the average monomer separation, and there would be no small angle scattering. The observation of small angle scattering with a characteristic dimension § implies that there is such a maximum. Because of this maximum the gel appears non uniform at all scales shorter than §, and we can observe the internal structure of the polymers in this range (Fig. 8) . The growth of 6 with reaction time indicates that the maximum shifts to larger polymers, presumably through recombination of the smaller ones.
We also know that the distribution of polymer sizes must be quite wide, since the larger polymers are penetrated and screened very efficiently by the smaller ones. The fact that they are seen in the scattering from the diluted samples indicates that the dilution effectively separates all polymers ; then the low Q limit of the scattering is controlled by the zaverage of the distribution, while the high Q limit depends on its n-average [43, 44] . Now consider the consequences of the gelation process. As the reaction proceeds through the gel point and beyond, the free polymers keep moving until they find others to which they link ; in this process some regions of the bath are depleted and can no longer be filled by the growing polymers ; thus the continuous rise of 6 implies that the gel becomes less and less uniform (and indeed the scattering at low Q keeps rising). We The spatial patterns formed by a collection of branched polymers in a solvent result from two basic ingredients : the distribution of polymer sizes, and the interactions between distinct polymers. In the acid catalysed growth of TEOS polymers, the distribution of sizes appears to be quite wide, and the interactions mostly repulsive. This leads to a remarkable situation where : (i) the repulsions keep trying to maintain a uniform segment density in the reaction bath, and they succeed at scales beyond the screening length ç; (ii) the recombination of the polymers keeps pushing ç to larger dimensions, thereby increasing the scale within which the reaction bath appears non uniform.
The structure of the final gel is determined by the outcome of this competition. We find that the recombination of interpenetrated polymers produces objects with selfsimilar structures ; conversely the reaction bath is gifted with a collection of depleted regions whose distribution is also selfsimilar. This is akin to the growth of heterogeneities in many other gels and particularly in gels of organic polymers. Hence it may be worth paying attention to systems such as this one where the growth of heterogeneities results from simple kinetic processes.
